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NOTATION

The following is a list of acronyms, initialisms, and abbreviations (including units of

measure) used in this document.

ACRONYMS, INITIALISMS, AND ABBREVIATIONS

ACF
AER
ALR
ANL
APD

CADS
CD
CI

DFEV
DFEVC

DMAX
ECAO
EES

EPA
EVR

FEV

FEV,

GCU
KS
MCF

MLR
MPD

any cough

air exchange rate

any lower respiratory symptom
Argonne National Laboratory

any chest pain on deep inspiration

Cincinnati Activity Diary Study
criteria document
credible interval

decrease in forced expiratory volume in 1 second
decrease in forced expiratory volume in 1 second corrected for exercise in clean

air
daily maximum dose

Environmental Criteria and Assessment Office

exposure event sequence

U.S. Environmental Protection Agency

equivalent ventilation rate, for which the units are liters per minute per square

meter

forced expiratory volume (the maximum amount of air that can be expelled from

the lungs)
forced expiratory volume in 1 second (the maximum amount of air that can be

expelled from the lungs in 1 second)
geographic census unit
Kolmogorov-Smirnoff
moderate-to-severe cough
moderate-to-severe lower respiratory symptom

moderate-to-severe chest discomfort
moderate to severe



NAAQS
NEM

3
OAQPS

PDI
pNEM/O,

s.d.
s.e.

As-Is
1112
1110
8110
8109
8108
8107
8508

8509

national ambient air quality standards
NAAQS exposure model

ozone
Office of Air Quality Planning and Standards

pain on deep inspiration
probabilistic NAAQS exposure model for ozone

standard deviation
standard error

As-Is air quality scenario: 1990 or 1991 air quality in a specific urban area (letter

code: Z)
current ozone NAAQS: 1-h averaging time, 1 expected exceedance, 0.12 ppm

ozone (letter code: A)
an alternative NAAQS: 1-h averaging time, 1 expected exceedance, 0.10 ppm

ozone (letter code: H)
an alternative NAAQS: 8-h averaging time, 1 expected exceedance, 0.10 ppm

ozone (letter code: D)
an alternative NAAQS: 8-h averaging time, 1 expected exceedance, 0.09 ppm

ozone (letter code: B)
an alternative NAAQS: 8-h averaging time, 1 expected exceedance, 0.08 ppm

ozone (letter code: C)
an alternative NAAQS: 8-h averaging time, 1 expected exceedance, 0.07 ppm

ozone (letter code: G)
an alternative NAAQS: 8-h averaging time, 5 expected exceedances, 0.08 ppm

ozone (letter code: F)
an alternative NAAQS: 8-h averaging time, 5 expected exceedances, 0.09 ppm

ozone (letter code: J)

UNITS OF MEASURE

ELPM

Mbyte
min
ppm

yr

equivalent liter(s) per minute (the units for ventilation rate adjusted for
[i.e., divided by] body surface area, which is typically assumed to be 1.9 m?
for adults; the units are liters per minute per square meter [L/min/m?])

hour(s)

kilometer(s)

liter(s)

square meter(s)

megabyte(s)

minute(s)

part(s) per million

second(s)

year(s)



A PROBABILISTIC ASSESSMENT OF HEALTH RISKS ASSOCIATED
WITH SHORT-TERM EXPOSURE TO TROPOSPHERIC OZONE

by
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M.J. Jusko, and J.M. Keisler

ABSTRACT

The work described in this report is part of a larger risk assessment
sponsored by the U.S. Environmental Protection Agency. Earlier efforts
developed exposure-response relationships for acute health effects among
populations engaged in heavy exertion. Those efforts also developed a
probabilistic national ambient air quality standards exposure model and a
general methodology for integrating probabilistic exposure-response relation-
ships and exposure estimates to calculate overall risk results. Recently
published data make it possible to model additional health endpoints (for
exposure at moderate exertion), including hospital admissions. New air quality
and exposure estimates for alternative national ambient air quality standards for
ozone are combined with exposure-response models to produce the risk results
for hospital admissions and acute health effects. Sample results explain the
methodology and introduce risk output formats.

1 INTRODUCTION

This report presents models and estimates for selected risks of acute (short-term)
exposure to ozone (O3). The risks are described in terms of two fundamental types of health
endpoints: (1) hospital admissions of asthmatics or patients diagnosed with various respiratory
problems and (2) the occurrence of acute effects, such as coughing, chest pain when taking a
deep breath, and decreased forced expiratory volume.

This report considers two fundamental types of risk measures: headcount and benchmark.
Headcount risk accounts for either (1) the number of people or the number of times an individual
from a specific population experiences a particular “event” (e.g., a hospital admission, cough,
chest pain, decreased lung function) or (2) the percentage of possible events estimated to occur.
Headcount risk combines exposure-response relationships with exposure estimates about
populations as they go about their daily activities. In contrast, benchmark risk focuses on the
probability or risk of unhealthful air. Benchmark risk is a measure of the hazard posed by



elevated ambient ozone levels. It is calculated by assuming that all members of the at-risk
population are exposed outdoors under identical exposure conditions.

The risks are represented by probability distributions (called risk distributions) over a
variety of risk measures (e.g., the number of outdoor children that may experience pain on deep
inspiration attributable to exposure to tropospheric ozone for one year in Los Angeles).
Probability distributions are generally needed to represent the risks fairly because considerable
uncertainty exists regarding the amount of exposure that individuals and populations receive and
the degree to which they experience various health endpoints at specific exposure levels. Factors
that make up the risk measures include the following:

e Population of interest (outdoor children, outdoor workers, asthmatics, the
general population);

e Type of effect (hospital admission, coughing, chest pain, decreased lung
function);

e Area of residence (nine urban areas are analyzed);
* Length of exposure (1 or 8 h);
* Numbers or percentages; and

* Method of counting multiple exposures or occurrences of an effect
experienced by an individual.

Results are provided for alternative national ambient air quality standards (NAAQS) that have
the following components:

* Averaging time (1- or 8-h daily maximum average);
» Number of expected exceedances in one year (1 or 5); and

« Allowed ozone concentration (0.07, 0.08, 0.09, 0.10, or 0.12 parts per
million [ppm]).

Of the 20 possible combinations of these components, eight NAAQS are analyzed in this reportl:

* 1-h daily maximum average, 1 expected exceedance, 0.12 ppm (the current
ozone standard), which is referred to as scenario 1112;

' A ninth NAAQS, 8506, was initially investigated but was subsequently dropped and is not included in this report.



* 1-h daily maximum average, 1 expected exceedance, 0.10 ppm, which is
referred to as scenario 1110;

» 8-h daily maximum average, 1 expected exceedance, 0.10 ppm, which is
referred to as scenario 8110;

¢ 8-h daily maximum average, 1 expected exceedance, 0.09 ppm, which is
referred to as scenario 8109;

» 8-h daily maximum average, 1 expected exceedance, 0.08 ppm, which is
referred to as scenario 8108;

* 8-h daily maximum average, 1 expected exceedance, 0.07 ppm, which is
referred to as scenario 8107;

» 8-h daily maximum average, 5 expected exceedances, 0.09 ppm, which is
referred to as scenario 8509; and

* 8-h daily maximum average, 5 expected exceedances, 0.08 ppm, which is
referred to as scenario 8508.

In all cases, the average level is a “daily maximum” value (i.e., the highest daily 1- or
8-h average for each day of the ozone season), which means that the 1- or 8-h average ozone
concentration can exceed 0.12 ppm two or more times in a given day, but only one exceedance
will “count” for a specific day and year. Moreover, the standard specifies such that an area is
considered to be out of compliance only if the average number of exceedances during a three-
year period is >l at any monitor within the urban area. Thus, to comply with the current
standard, the highest 1-h daily maximum ozone concentration in an attainment area cannot exceed
0.12 ppm more than three times in any three-year period at any monitor.”

While the current standard (or any new standard) actually addresses a three-year period
in determining compliance, the results reported herein are based on only one ozone season. Air
quality data were adjusted to simulate just attaining a given standard. Therefore, exposure and
risk estimates reflect what is expected, on average, when air quality in an area just attains a given
standard. Actual exposures and risks can be lower or higher in different years during a three-year
period used to judge compliance with a standard.

2 The exposure analysis, and therefore the risk assessment, simulated air quality that just attained the specified
standard level (e.g., 0.12 ppm). In implementing the current standard, the U.S. Environmental Protection Agency
(EPA) uses a rounding convention in which only concentrations that equal or exceed 0.125 are counted as
exceedances of the standard level.



Headcount risk distributions are obtained by combining probabilistic exposure-response
relationships with exposure estimates. The exposure-response relationships are derived from a
variety of sources, primarily human experimental and observational data for acute effects.
Exposure estimates, which are also probabilistic, were obtained from the recently developed
probabilistic version of the National Ambient Air Quality Standards Exposure Model for ozone
(PNEM/O5). The pNEM/O; output includes results for 10 separate runs of the model to gain
insights about the effects of run-to-run variations on risk output.

Benchmark response is r, the fraction of the population that experiences the specified
health effect when exposed to ozone. Benchmark risk is defined as the probability that the
benchmark response is 2r, n or more times in a specified period (one ozone season) at some
location within a geographic region, given a particular air quality condition (e.g., that
scenario 1112 is just attained). This report uses r values of 0.05 and 0.1 (sometimes referred to
as 0.05 and 0.1 benchmarks, or 5 and 10% benchmarks).

The hospital admissions model has elements of both benchmark and headcount risk
models. It uses air quality data, as does the benchmark risk model, and a concentration-response
relationship that resembles the exposure-response relationships used in the headcount risk models.
The model assumes a linear relationship between hospital admissions (the response) and the
previous day’s highest hourly average ozone concentration.

The motivation for this work is to (1) develop first-time risk results for some acute
health endpoints (hospital admissions, acute effects for populations engaged in moderate exertion
for short and prolonged periods) and (2) update previous risk results (Hayes et al. 1987, 1989)
for populations exposed to ozone while engaged in heavy exertion for 1 h. The latter involves
using recent exposure estimates from pNEM/O; that (3) reflect analysis of possible alternative
NAAQS for ozone.

1.1 BACKGROUND

Ozone is a highly reactive irritant gas present in elevated amounts throughout much of
the United States. The EPA estimated that in 1988 about 120 million people lived in urban areas
where the current 1-h daily maximum average ozone standard of 0.12 ppm was not attained.
More recently (1993), the EPA estimated that 51 million people lived in urban areas where the
current 1-h standard was not attained (EPA 1994). The current NAAQS require that the 0.12 ppm
of ozone concentration not be exceeded on average on more than one day per year. This current
standard for ozone is based on concern for acute respiratory effects reported in many controlled
human exposure studies, as well as on acute and longer-term effects reported in animal
toxicology, human epidemiology, and human field studies.

As stated in the Clean Air Act, the EPA is required to set, review, and revise, as
appropriate, the primary NAAQS for criteria pollutants. The primary standards, which are to be



set at levels sufficient to protect public health with an adequate margin of safety, are based on
scientific evidence reviewed in “criteria documents” (CDs). A CD summarizes and evaluates the
human clinical and field studies and the epidemiological and animal toxicological evidence
regarding physiological and adverse health effects that result from exposure to ozone and other
photochemical oxidants.

To assist in its review of the NAAQS for ozone, EPA’s Office of Air Quality Planning
and Standards (OAQPS) entered into an interagency agreement with Argonne National Laboratory
(ANL) to assess the public health risk associated with attaining alternative ozone NAAQS. The
purpose of this risk assessment is to characterize, as explicitly as possible, the range and
implications of uncertainties in the existing scientific database, while fully using current scientific
knowledge, available animal and human experimental and observational data, and scientific
expertise. This risk assessment includes the effects of acute exposures to ozone. It combines
exposure-response relationships with exposure estimates to produce overall risk estimates. In
addition, hourly air quality data in New York City are used to estimate excess respiratory-related
hospital admissions of asthmatics and the general population during the ozone season. A
summary of the results of acute risk assessment and its role in the ozone NAAQS review can be
found in the OAQPS staff paper (EPA 1996a).

The acute risk assessment addresses the effects of exposure to ozone for populations
engaged in either heavy or moderate exertion. The heavy exertion effects are based on 1- to 3-h
controlled human exposure studies by McDonnell et al. (1983), Avol et al. (1984), and Kulle
et al. (1985). The moderate exertion effects are based on results from 2-h controlled human
studies by Seal et al. (1993) and from 6.6-h controlled human studies by Folinsbee et al. (1988),
Horstman et al. (1990), and McDonnell et al. (1991). The hospital admissions model is based on
a multiyear study of air pollution and respiratory hospital admissions in New York City (Thurston
et al. 1992).

Previous risk assessments studied the acute health effects of ozone (Hayes et al. 1987).
Methods developed in these assessments (Hayes et al. 1987, 1989) and earlier assessments for
lead (Wallsten and Whitfield 1986; Whitfield and Wallsten 1989) provide a foundation for the

current risk assessment.
1.2 RISK ASSESSMENT APPROACH

The basic risk assessment approach, illustrated in Figure 1, involves developing an
exposure model and a health model.3 The exposure model accounts for human contact with a

3 Strictly speaking, Figure 1 applies only to headcount risks for acute and chronic effects. However, the differences
for benchmark risks and hospital admissions are subtle. One difference is that benchmark risks and hospital
admissions are based on actual air quality data rather than on estimates of exposure.
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FIGURE 1 Basic Risk Assessment Approach: Risk Model
Incorporating Both an Exposure Model and a Health Model

specific criteria pollutant. The contact can be described in terms of a cumulative exposure over
a specified time. For this assessment, exposure estimates were generated by pNEM/O; for nine
urban areas and that portion of the population thought to be potentially at greatest risk to ozone
exposure. The at-risk groups are outdoor children and outdoor workers. This determination is
based on the discussion of at-risk populations in the ozone CD (EPA 1996b).

The two types of risk estimates made — benchmark and headcount (Whitfield et al.
1994) — use the same exposure-response relationships, but different types of air quality data and
exposure estimates. Relationships between the two risk models are indicated in Figure 2.
Benchmark risk estimates measure the risk of potential harm — or hazard — posed by elevated
levels of ozone. Headcount risk estimates measure the risk of actual harm incurred by individuals
as they go about their daily lives, moving from one place to another and from indoors to
outdoors.

In addition, two types of exposure measures can be made: people and person-
occurrences. The people measure counts the number of individuals exposed one or more times
per ozone season to the exposure indicator (ozone level and breathing rate) of interest. The
person-occurrences measure first counts the times per ozone season that an individual is exposed
to the exposure indicator of interest and then accumulates counts over all individuals. Therefore,
the person-occurrences measure confounds people and occurrences: 1 occurrence for 10 people
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is counted the same as 10 occurrences for 1 person. The maximum number of hourly exposure
occurrences is equal to the population multiplied by the number of hours in the ozone season.
This report includes both types of measures.

A health model accounts for human reaction to contact with a criteria pollutant.
Reactions include symptoms or physiological changes (e.g., reduced pulmonary function or lower
respiratory symptoms). A health model can be based on either data, judgment, or a combination
of both. One important aspect of a health model is the “most at-risk population” — people
believed to be most at risk because they are either highly reactive (e.g., children whose
physiological development may be impaired by exposure to ozone) or more frequently exposed
(e.g., outdoor children and outdoor workers). The Clean Air Act requires NAAQS to be set at
a level that protects the most at-risk populations with an adequate margin of safety.

In this study, the exposure-response relationships that characterize the effects of ozone
exposure on pulmonary function and the respiratory system are based on controlled human



exposure data obtained in clinical studies. Controlled human exposure studies, in contrast to
epidemiological or field studies, were thought to be most appropriate for specifying the data
needed for estimating exposure response.

1.3 REPORT ORGANIZATION

This report is organized into eight sections. Section 2 discusses the pPNEM/O; model that
generates the exposure probabilities used in the headcount risk models and the air quality data
used in the benchmark risk and hospital admissions models. It also describes the pNEM/O,
methodology and simulated air quality data. Section 3 discusses controlled human exposure-
response data sets used in the headcount and benchmark risk models. Section 4 discusses
headcount risk. It describes the general method used to calculate risk estimates and presents
results for acute endpoints. Section 5 discusses the benchmark risk model and presents results
for acute endpoints. Section 6 describes the hospital admissions model, which is applied to two
cases: asthmatics and patients from the general population hospitalized for respiratory conditions.
Section 7 discusses limitations of the analysis. Section 8 contains a list of references cited in this
report.

Details of modeling techniques are presented in Appendix A. Most of the headcount and
benchmark risk results are presented in Appendixes B-D. Sections 4 and 5 present methodology
and use selected risk results to introduce the form of presentation of results used in the
appendixes. Headcount risk results are limited to those for outdoor children, and then only for
the more serious endpoints. Likewise, benchmark risk results are shown only for the more serious
endpoints. (Complete results for all endpoints, including results for outdoor workers and total
populations, are available elsewhere.*)

4 Software and data (for IBM personal computers or compatibles only) needed to generate and view all risk results
can be obtained from the Energy Science and Technology Software Center, P.O. Box 1020, Oak Ridge, TN 37831,
phone 423-576-2606. The complete system requires about 100 Mbytes of disk storage.



2 EXPOSURE MODEL

Evaluating alternative NAAQS proposed for a particular pollutant involves assessing the
risks to human health associated with ozone exposures that result while just attaining each of the
standards under consideration. Important factors that need to be considered in an ozone exposure
assessment are magnitude of ozone concentrations; duration of ozone concentrations; spatial
distribution of concentrations; frequency of repeated peak concentrations; ventilation state of the
individual at time of exposure; and movement of people through zones of varying air quality,
which affects the actual exposure patterns of people living within a defined area.

Until 1986, the NAAQS exposure model (NEM) series did not model random processes
within the exposure simulation. The latest version of the model, pNEM/Oj;, incorporates
probabilistic elements into the original NEM methodology and uses a mass balance model to
estimate indoor and in-vehicle ozone concentrations (Johnson et al. 1996a-c). Figure 3 shows how
the pNEM/O; methodology fits into the risk assessment. This section briefly describes the
pNEM/O; and its methodology. A more detailed description of the model can be found in
Johnson et al. (1996a-c).

2.1 ALTERNATIVE AIR QUALITY SCENARIOS INCLUDED
IN THE ANALYSIS

The results from the pPNEM/O5 are available for nine alternative air quality scenarios
selected by OAQPS for analysis. Eight of these scenarios represent ozone air quality when
alternative NAAQS are just attained. They differ with respect to averaging time (1 or 8 h), the
number of expected exceedances allowed (1 or 5), and the allowed ozone limit (0.07, 0.08, 0.09,
0.10, or 0.12\ppm). A ninth scenario, representative of existing air quality, is referred to as the
“As-Is” scenario. For easy reference, initialisms for the scenarios are presented in Table 1.

2.2 EXPOSURE MODELING METHODOLOGY

The pNEM/O; consists of two principal parts: the cohort exposure program and the
exposure extrapolation program. The cohort exposure program estimates the sequence of ozone
exposures experienced by defined population groups. The exposure extrapolation program
estimates the number of persons within a particular study who are represented by each cohort.
The program combines this information with the cohort exposure sequences to determine the
distribution of exposures over a defined population of interest.

The general NEM methodology consists of five steps. Step 1 defines the study area,
appropriate subdivisions of the study area, the exposure period, and the population of interest.
Step 2 divides the population of interest into the exhaustive set of cohorts, while step 3 develops
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TABLE 1 Characteristics of Alternative Air
Quality Scenarios

Ozone
Averaging Expected Concentration

Scenario  Time (h)  Exceedance (ppm)?
As-Is NAP NA NA
1112 1 1 0.12
1110 1 1 0.10
8110 8 1 0.10
8109 8 1 0.09
8108 8 1 0.08
8107 8 1 0.07
8509 8 5 0.09
8508 8 5 0.08

2 Daily maximum 1- or 8-h average value.

b Not applicable.
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an exposure event sequence (EES) for each cohort for the exposure period. Step 4 estimates the
pollutant concentration, ventilation rate, and physiological indicator, if applicable, associated with
each exposure event. Step 5 extrapolates the cohort exposures to the population of interest and
to particular at-risk population groups. Each of these steps is explained in greater detail in the

following sections.

2.2.1 Define the Study Area, Subdivisions of the Study Area, the Exposure Period,
and the Population of Interest

The study area is an aggregation of exposure districts. Each exposure district is a
contiguous set of geographic census units (GCUs). Each GCU consists of one or more census
tracts, as defined by the 1990 census. No census tract is split between two or more GCUs. All
GCUs assigned to a particular exposure district are located within a specified radius (15 km) of
a fixed ozone monitor.

The exposure period is a series of months within a particular calendar year. The months
conform to the ozone season specified by the EPA for the urban area. The exposure season is
the annual period when high ambient ozone levels are likely to occur. Three ozone seasons are
evaluated in this report: January-December, March-September, and April-October. The ozone
periods for the nine urban areas are listed in Table 2.

The population of interest is typically defined as either all residents of a specific study

area or residents of the study area who belong to the populations at risk.

TABLE 2 Ozone Seasons for the Nine
Urban Areas

Ozone Season

Number

Study Area Calendar Months of Days
Chicago April - October 214
Denver March - September 214
Houston January - December 365
Los Angeles January - December . 365
Miami January - December 365
New York City April - October 214
Philadelphia April - October 214
St. Louis April - October 214

Washington, D.C.  April - October 214
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2.2.2 Divide the Population of Interest into an Exhaustive Set of Cohorts

The population of interest is divided into a set of cohorts. Each person is assigned to
only one cohort. Each cohort is assumed to contain persons who received identical exposures
during the specified exposure period. Cohort exposure is typically assumed to be a function of
(1) demographic group, (2) location of residence, and (3) location of workplace. Specifying the
demographic group links cohort exposure to activity patterns that vary with age, work status, and
other demographic variables. Specifying the home and work district of each cohort links cohort
exposure to ambient pollutant concentrations.

The exposure of each cohort is determined by an EES specific to the cohort. Each EES
consists of a series of events with durations from 1 to 60 min. To determine average exposures
for specific clock hours, exposure events are defined such that no event falls within more than
one clock hour. Each exposure event assigns the cohort to a particular combination of geographic
area and microenvironment. Each event also indicates respiration rate. The respiration rates are
classified as sleeping, slow, medium, and fast.

2.2.3 Develop an Exposure Event Sequence for Each Cohort
for the Exposure Period

Each EES is determined by assembling activity diary records that relate individual 24-h
periods into a series of records that span the ozone season of the associated study area. Because
each subject of a typical activity diary study provides data for one to three days, the construction
of a multimonth EES requires either repeating data from one subject or using data from multiple
subjects. The latter approach is used in pNEM/O; analyses because it better represents the
variability of exposure expected to occur among persons included in each cohort. The activity
diary data used in the general population version of pPNEM/O; were obtained from CADS — the
Cincinnati Activity Diary Study (Johnson 1987). During the study, more than 900 subjects
completed three-day activity diaries and detailed background questionnaires. A new diary page
was completed whenever the location or activity was changed.

A distinct EES is developed for each cohort. The exposure event within an EES is
defined by the district, the microenvironment, and the breathing rate associated with the
individual’s activity.

The district is defined as the home or work location associated with the cohort. The
microenvironments are as follows:

» Indoor residence with a central air conditioning system,

» Indoor residence with window air conditioning units,
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+ Indoor residence without an air conditioning system,
» Indoor nonresidential location,

» Outdoor location near a road,

. Outdoofs — other locations, and

* In a vehicle.

The CD identifies outdoor workers and outdoor children as population groups
particularly at risk for experiencing ozone-related health effects. These groups were identified on
the basis of the increased time they spend outdoors engaged in moderate and heavy exertion,
which increases the likelihood of experiencing ozone-induced health effects. Although outdoor
workers and outdoor children were included in the general population version of pNEM/O;, EPA
analysts felt that the procedures used did not adequately represent exposures for workers or
children who regularly spend considerable time outdoors. Therefore, special versions of
pPNEM/O, were developed to estimate population exposures for outdoor workers and outdoor
children.

For the outdoor worker version of pNEM/O,, additional data from six time/activity
studies were combined with the CADS database and processed to form a unified time/activity
database representative of outdoor workers. The activity data selected to represent outdoor
workers were based on data from subjects who spend at least 4 h at work and at least 50% of
their work time outdoors. The final pool contained 89 outdoor workers with 136 person-days of
diary data. City-specific outdoor worker estimates were derived on the basis of city-specific
1990 census data and judgments by a panel of researchers about the percentage of outdoor
workers in each of 37 census occupation groups. Section 6 of Johnson et al. (1996b) describes
in detail the procedures used to develop the outdoor worker time/activity database and population
extrapolation.

For the outdoor children version of pPNEM/O,, additional data from six other time/
activity studies were combined with the CADS database and processed to form a unified
time/activity database representative of outdoor children. The pool of activity patterns used to
represent outdoor children was based on data for children who met the following conditions:

« During a non-summer weekday, the child had at least one diary day on
which he or she spent 22 h outdoors, or

+ During a non-summer weekend, the child had at least one diary day on
which he or she spent 23 h outdoors, or
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+ During a summer weekday or weekend, the child had at least one diary day
on which he or she spent 4.5 h outdoors.

For this analysis, “summer” was defined as June through August and “non-summer” as
all other months. This procedure produced a pool of 479 outdoor children with 792 person-days
of activity diary data. Outdoor children included in the analysis fell into two demographic groups:
6- to 13-year-old children (“preteens”) and 14- to 18-year-old children (“teens”). The city-specific
percentages of outdoor children were derived on the basis of city-specific 1990 census data for
the two demographic groups and the percentages of outdoor preteens and teens in three of the
time/activity studies conducted in Cincinnati and California that used a random selection
procedure to enroll subjects (Johnson 1987; Wiley et al. 1991a,b). About 47% of preteens and
31% of teens met the selection criteria for outdoor children.

2.2.4 Estimate the Pollutant Concentration and Ventilation Rate Associated
with Each Exposure Event '

The year-long sequence of hourly average ozone values for indoor and in-vehicle
microenvironments is generated by a mass balance algorithm. This algorithm estimates the hourly
average indoor ozone concentrations during the hour as a function of (1) indoor ozone
concentration at the end of the preceding hour, (2) outdoor ozone concentration during the hour,
(3) air exchange rate (AER) during the hour, and (4) ozone decay factor. Values for the AER and
the ozone decay factor are sampled from an appropriate distribution on a daily basis. The AER
is permitted to change hourly in the three residential microenvironments; it changes based on
window status (open or closed). A probabilistic model assigns a window status each clock hour.
The assignment is assumed to be a function of air conditioning system, temperature range, and
window status during the previous clock hour. In the pNEM/O; simulation, the ozone
concentration in a microenvironment during a particular clock hour is assumed to be constant.
For indoor and in-vehicle microenvironments, this value is determined by using a mass balance
model to calculate average ozone concentration for the clock hour under the following conditions:

» Indoor sources of ozone are not present.
+ The indoor ozone concentration at the end of the preceding hour is known.

» The outdoor ozone concentration during the clock hour is constant and
known.

e The AER during the clock hour is constant at a specified value.

e Ozone decays at a rate proportional to the indoor ozone concentration.
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The pNEM/O; mass balance model requires representative ambient air quality data for
each exposure district in the form of a time series that contains one value for each hour in the
specified ozone season. From 6 to 16 monitoring sites are selected to represent the geographic
variation of ozone levels in each of 9 study areas. The number of monitors chosen in an area
depends on a data completeness criterion for each monitor and whether home-to-work data are
available for a district.

All monitors reporting valid data (i.e., 75% complete) in an urban area are used to
characterize ozone air quality. In no case is an area with fewer than three valid stations included
because the ozone concentration surface cannot be computed from only two monitors. If an area

= has numerous monitors, the total number is capped at 16 because of limitations on computational
resources. This case occurs only in the Los Angeles urban area, where 30 possible monitors were
pared to 16 by removing one of the nearby pairs of monitors that had similar ozone air quality
distributions. Otherwise, all monitors in an area were used.?

After the number of monitors was chosen, the districts were defined. Districts must be
nonoverlapping areas associated with one monitor. In addition, home-to-work trip information
must be available to include a district in a pNEM/O; study area. If this information is not
available, the district is removed from further analysis. This restriction excludes low-density rural
areas from pNEM/O; exposure assessments.

Ventilation rate depends on the type of activity in which individuals are engaged. The
pNEM/O; exposure probabilities used in this analysis were computed only for individuals who
reached the following ventilation rates corrected for (i.e., divided by) body surface area — called
equivalent ventilation rates (EVRS): '

* 230 EVR for 1-h exposures at heavy exertion,
* 16-30 EVR for 1-h exposures at moderate exertion, and
* 13-27 EVR for 8-h exposures at moderate exertion.
2.2.5 Extrapolate the Cohort Exposures to the Population of Interest
and to At-Risk Groups

The final step extrapolates the cohort exposures to the population of interest and to
at-risk groups. The cohort-specific exposure estimates are extrapolated to the general population

> The only exception was in the New York City study area, where one monitor (the World Trade Center) was
replaced with a nearby monitor because air quality data from the World Trade Center were not considered to be
representative of breathed air (i.e., the monitors were too high to be of use).
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of each study area by estimating the population size of each cohort. A three-step procedure
estimates cohort populations:

» Estimate by census tract the number of persons associated with each
demographic group.

+ Estimate by census tract the fraction of homes falling into each of the three
air conditioning categories. '

» Multiply the demographic group populations by the air conditioning
fractions to estimate the number of persons in each combination of
demographic group and air conditioning category. This step gives the cohort
population estimates.

An iterative adjustment procedure simulates just attaining the eight alternative NAAQS.
This procedure involves fitting Weibull equations to the As-Is ozone ambient monitoring data,
modifying parameters of the equations so that the “worst” monitor achieves the desired standard,
and respecifying the entire ozone pattern for all districts in an urban area. The adjustment
procedure and the exposure analysis methodology are discussed in detail in the individual
exposure analysis reports (Johnson et al. 1996a-c).

The pNEM/O; contains many stochastic variables; therefore, exposure estimates vary
from run to run. For the general population, outdoor worker, and outdoor children exposure
analyses, the pNEM/O; was simulated 10 times for each scenario in each of the 9 urban areas
to better characterize the uncertainty in the exposure estimates. On the basis of a previous
analysis of sets of 10-run results compared with a 108-run result, McCurdy (1994a) showed that
results from only 10 runs adequately predict the mean and variance observed in 100 or more runs
of pNEM/O,. Additional runs of the model would increase the range of possible outcomes, but
limited resources preclude undertaking more runs.

In any pNEM/O; analysis, several different indicators estimate exposure of people to
various levels of air pollution. One indicator of population exposure is “people-exposed” (i.e., the
number of people who experience a given level of air pollution, or higher, at least once during
the analysis). Another indicator is “occurrences of exposure” (i.e., the number of times
individuals from the population of interest experience a given level of pollution; individuals can
be counted more than once in an ozone season).

The model estimates exposure in terms of highest concentrations (exposures) or highest
dose. The exposure estimates summarized here pertain to “daily maximum dose” (DMAX), where
dose is the product of ozone concentration and ventilation rate over a defined period. The DMAX
does not necessarily occur at the same time as the maximum ozone concentration in a given
urban area. The DMAX indicator was selected because it is a better surrogate for the number of
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ozone molecules that enter the oral-nasal cavities per unit time period. Therefore, it is likely to
be more relevant from a health risk viewpoint than is maximum concentration exposure.

A number of caveats must be acknowledged concerning the pNEM/(j3 results. Probably
the most significant caveat is that considerable uncertainty exists about a number of important
inputs to the model. Listed below are the most important caveats and limitations in the current
versions of the exposure model:

+ The algorithm used to construct a season-long EES for each cohort is
“constrained because none of the available time/activity studies provides
more than three days of diary data for any one subject. To maximize use
of the available diary data, the pPNEM/O; sequencing algorithm constructs
each EES by sampling data from more than one subject.

» The subjects who contributed to the human activity database may not pro-
vide a balanced representation of U.S. outdoor children or outdoor workers.
Most of the subjects resided in either California or Cincinnati. Although the
algorithm that constructs EESs attempts to account for the effects of local
climate on activity, it is unlikely that this adjustment procedure corrects for
all intercity differences in outdoor children’s or outdoor workers’ activities.
Time/activity patterns are likely to be affected by many local factors,
including topography, land use, traffic patterns, mass transit systems, and
recreational opportunities.

+ The average subject in the time/activity studies provided less than two days
of diary data. For this reason, the construction of each season-long EES
required either repeating data from one subject or using data from multiple
subjects. The latter approach was used in the outdoor children and outdoor
worker pPNEM/O; analyses to better represent the variability of exposure
expected to occur among the children in each cohort. The main deficiency
of this approach is that it may not adequately account for the day-to-day
repetition of activities common to individual children or workers.
Consequently, pNEM/O; may underestimate the number of people who
experience multiple occurrences of high ozone exposure. For example, the
outdoor children analysis does not adequately reflect exposures for children
who attend residential summer camps because this activity pattern is not
included in the database used in the outdoor children exposure analysis.

« Exposure estimates are presented separately for outdoor children, outdoor
workers, and the general population and are not aggregated. Any aggrega-
tion would have to adjust the general population exposure estimates to
avoid double counting exposures for workers and children.
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 The algorithm that assigns the EVR associated with each exposﬁre is based

on an analysis of data from several studies conducted by Dr. Hackney and
associates in Los Angeles. Because of the small sample sizes
(e.g., 39 children and 36 outdoor workers) in these studies and the lack of
subjects below age 10 or above age 50, uncertainty cannot be quantified
about these EVR estimates. The pNEM/O; model also uses an EVR-
limiting algorithm that limits the maximum EVR that can be maintained for
a given duration by an individual who exercises regularly at a high
ventilation rate. This algorithm allows a small probability that the EVR
chosen is higher than that seen for some individuals in the population
analyzed, since not all individuals exercise regularly at a high ventilation
rate.

The air quality adjustment procedures used to simulate just attaining
alternative NAAQS were based on statistical analyses of ozone data from
sites that experienced moderate reductions in ozone levels during the 1980s.
These procedures assume that (1) the Weibull distribution provides a good
fit to most ozone data, and (2) the parameters of the Weibull distribution
fitting data from a particular monitoring site will change over time in a
predictable fashion. Because of the empirical basis for the adjustment
procedure, less confidence is placed in the predicted air quality levels for
just attaining alternative standards in Los Angeles, where significant
reductions would have to take place to attain any of the alternative
standards analyzed. Uncertainty also exists about the impact on the spatial
pattern and shape of ozone air quality distributions if any significant
changes in control strategies were to be made to attain the ozone NAAQS
in the future. Some regional oxidant modeling work is under way to
examine the possible impact of alternative control strategies on the spatial
and temporal pattern of ozone concentrations.

The pNEM/O5 model uses a mass balance model to estimate ozone levels
in residential buildings (windows open or closed), nonresidential buildings,
and inside vehicles. For some of these microenvironments, the database on
AERs and ozone decay rates, which are key inputs to the mass balance
model, is rather sparse. For example, the AER and ozone decay rate for
vehicles is a point estimate based on data for a single vehicle. In contrast,
data on AER values for residential buildings with closed windows are based
on a lognormal distribution fit to AER data from 312 residences across the
United States. The uncertainties about ozone levels in these “indoor”
microenvironments should not significantly affect exposure estimates at
moderate and high exertion, where exposure levels exceed 0.08 ppm,
because these levels are likely due to outdoor exposures.
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2.3 EXAMPLE OF THE EXPOSURE ESTIMATES USED
IN THE RISK ASSESSMENT

The pNEM/O; exposure estimates were generated for the nine urban areas listed in
Table 2 for the total population, outdoor children, and outdoor workers. The pNEM/O; output
for the ozone concentrations given in Table 3 includes results for 10 runs. The ozone concen-
trations of interest for calculating exposure-response relationships are listed in Table 4. These
concentrations are approximately the midpoints of the intervals listed in Table 3.

This risk assessment focuses on risk estimates in excess of background concentrations.
“Background” ozone is defined for the purposes of this analysis as the ozone concentrations that
would be observed in the United States in the absence of anthropogenic precursor emissions of
volatile organic compounds and nitrogen oxides in North America (EPA 1996a). The CD (EPA
1996b) estimates that during the summer ozone season in the United States, the typical
background daily maximum 1-h level is between 0.03 and 0.05 ppm.

Exposure-response probabilities for each run are computed by dividing the number of
children at each ozone concentration by the number of children who reached a specific exertion
level in a run. For example, the data in Table 5 (which are for just attaining standard 1112,
Philadelphia, outdoor children, 8-h exposures at moderate exertion, pPNEM/O3 run 2) show that
the number of children for this particular run is 268,569. A total of 37,953 children were exposed
to ozone at concentrations of 0.041-0.060 ppm. Dividing this number by the total number of
children at moderate exertion results in a probability of 0.1413. The same computations are
performed for the remaining ozone concentrations. The sum of the calculated probabilities does
not equal 1 because exposures at estimated background or lower are not included. The
probabilities for this example are presented in Table 5. Such probabilities are needed to estimate

risk distributions (Section 3).
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TABLE 4 Ozone Concentra-
tions for Which Response Rates
Need to Be Estimated (ppm)?

TABLE 3 Ozone Concentration
Intervals for Which pNEM/O,
Data Have Been Generated

1-h Exposures

8-h Exposures

1-h Exposures

8-h Exposures

0.000 0.000 0.040° 0.040P
0.001 - 0.020 0.001 - 0.020 0.051 0.051
0.021 - 0.040 0.021 - 0.040 0.071 0.066
0.041 - 0.060 0.041 - 0.060 0.091 0.076
0.061 - 0.080 0.061 - 0.070 0.111 0.086
0.081 - 0.100 0.071 - 0.080 0.131 0.096
0.101 - 0.120 0.081 - 0.090 0.151 0.106
0.121 - 0.140 0.091 - 0.100 0.171 0.116
0.141 - 0.160 0.101 - 0.110 0.191 0.126
0.161 - 0.180 0.111 - 0.120 0.211 0.136
0.181 - 0.200 0.121 - 0.130 0.231 0.146
0.201 - 0.220 0.131 - 0.140 0.251 0.156
0.221 - 0.240 0.141 - 0.150 0.271 0.166
0.241 - 0.260 0.151 - 0.160 0.291 0.176
0.261 - 0.280 0.161 - 0.170 0.311 0.186
0.281 - 0.300 0.171 - 0.180 0.331 0.196
0.301 - 0.320 0.181 - 0.190 0.351
0.321 - 0.340 0.191 - 0.200 0.371
0.341 - 0.360 0.201+ 0.391
0.361 - 0.380
0.381 - 0.400 4 Except for 0.040 ppm, these

0.401+ concentrations are approxi-

mately the midpoints of
intervals >0.040 ppm listed in

Table 3.

The estimated short-term back-
ground level for ozone is

0.040 ppm.
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TABLE 5 Calculating Exposure Probabilities for Outdoor
Children Exposed for Eight Hours at Moderate

Exertion from pNEM/O3 Estimates for Run 2,
Philadelphia, Scenario 1112, Just Attained

Number of Children

Ozone Interval In Interval

(ppm) or Higher  InInterval®  Probability®

0.000 268,569 0 NR¢
0.001 - 0.020 268,569 1,322 NR
0.021 - 0.040 267,247 17,644 NR
0.041 - 0.060 249,603 37,953 0.1413
0.061 - 0.070 211,650 46,879 0.1746
0.071 - 0.080 164,771 101,972 0.3797
0.081 - 0.090 62,799 50,181 0.1868
0.091 - 0.100 12,618 11,338 0.0422
0.101 - 0.110 1,280 1,280 0.0048
0.111 - 0.120 0 0 0.0000
0.121 - 0.130 0 0 0.0000
0.131 - 0.140 0 0 0.0000
0.141 - 0.150 0 0 0.0000
0.151 - 0.160 0 0 0.0000
0.161 - 0.170 0 0 0
0.171 - 0.180 0 0 0
0.181 - 0.190 0 0 0
0.191 - 0.200 0 0 0

0.201+ 0 0 0

2 A total of 268,569 children reached a moderate exertion level in
run 2.

Number in interval i equals number in interval i/ or higher minus
the number in interval i + 1 or higher (e.g., 1,322 = 268,569 —
267,247).

Probability of interval i equals the number in interval i divided
by 268,569. This probability is also the fraction of children who
reached a moderate exertion level while exposed to the ozone
concentration for interval i in run 2.

NR means not required. Calculations were not made for these
concentrations because they are less than or equal to the
estimated background level (0.04 ppm).
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3 EXPOSURE-RESPONSE DATA AND RELATIONSHIPS

This section describes sources of information (data) about acute health effects
attributable to ozone exposure and lists the mathematical functions fit to the data to represent
exposure-response relationships. Acute health effects include changes in lung function
(i.e., decreases in forced expiratory volume) and the onset of various symptoms (e.g., cough,
chest pain on deep inspiration). The information is used to develop a series of models. The
models for acute effects are based on controlled human exposure studies.® The criteria used to
select the laboratory studies are discussed, and the individual studies used for the acute health
effects models are described.

/Although the controlled human exposure studies discussed in this section only included
18- to 35-year-old adults, exposure-response relationships derived from these studies are applied
to both outdoor children and outdoor workers. Recent findings support the use of adult-based
results to describe children. These findings include results from other chamber studies
(e.g., McDonnell et al. 1985a) and summer camp field studies in at least six different locations
in northeastern United States, Canada, and southern California (Kinney et al. 1996). These
locations reported changes in lung function in healthy children similar to those observed in
healthy adults exposed to ozone under controlled chamber conditions. As stated in the CD,
“although direct comparisons cannot be made because of incompatible differences in experimental
design and analytical approach,” the range of response in the summer camp studies “is
comparable to the range of response seen in chamber studies at low Oj concentrations” (EPA
1996b, pp. 9-7 and 9-8).

3.1 CRITERIA FOR SELECTING LABORATORY DATA

Controlled human exposure studies are thought to be most appropriate for developing
exposure-response relationships for acute health effects that result from exposure to ozone.
Controlled human exposure studies based on 1-, 2-, and 6.6-h exposures are used to develop the
health models. The following criteria were used to select the particular studies:

Applicability to the population groups potentially at greatest risk. Studies
of persons exposed while engaged in moderate or heavy exertion are of
greatest interest, because such subjects are thought to be at greater risk than
those at rest.

»  Comparability. The total dose must be compared with the level of exertion
and the exercise protocol of particular interest.

6 Hospital admissions (Section 6) are also acute effects; however, the model described in Section 6 is not based on
controlled human exposure studies.
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»  Number of subjects. To limit the effects of small sample size, studies with
at least 10 subjects per exposure level are desired.

o Exposure concentrations. Studies with multiple concentration levels in the
range of ambient levels are desired.

o Individual subject data. These data are needed to develop exposure-
response relationships.

3.2 DISCUSSION OF 1-HOUR DATA FOR POPULATIONS
ENGAGED IN HEAVY EXERTION

Exposure-response relationships for populations engaged in heavy exertion are based on
controlled human exposure studies (McDonnell et al. 1983; Avol et al. 1984; Kulle et al. 1985).
These studies provide sufficient information to define nine health endpoints for risk calculations:
(1) decreases in forced expiratory volume in 1 s (DFEV1)7 that are 210% (DFEV, 210%),
(2) decreases in forced expiratory volume in 1 s that are 215% (DFEV, 215%), (3) decreases in
forced expiratory volume in 1 s that are 220% (DFEV, 220%), (4) any cough (ACF), (5) any
chest pain on deep inspiration (APD), (6) any lower respiratory symptom (ALR), (7) moderate
or severe cough (MCF), (8) moderate or severe chest pain on deep inspiration (MPD), and
(9) moderate or severe lower respiratory symptoms (MLR). None of the studies supports all of
the endpoints. Table 6 indicates the endpoints associated with each study, and Table 7
summarizes the characteristics of each study.

TABLE 6 Health Endpoints Associated with Each Study

McDonnell et al. Avol et al. Kulle et al.
Endpoint (1983) (1984) (1985)
DFEV, 210% Yes Yes Yes
DFEV, 215% Yes Yes Yes
DFEV, 220% Yes Yes Yes
ACF Yes No Yes
APD Yes No Yes
ALR No Yes No
MCF Yes No Yes
MPD Yes No Yes
MLR No Yes No

7 Forced expiratory volume in 1 s is the maximum volume of air that an individual can expel from the lungs in
ls.



TABLE 7 Summary of the Studies Used in Developing 1-h Exposure-Response
Relationships for Populations Engaged in Heavy Exertion

Study Protocol

Avol et al. (1984)

Kulle et al. (1985)

McDonnell et al. (1983)

Number of subjects

Exposure concentrations
(ppm)

Ventilation rate®

(L/min)
EVR® (L/min/m?)

Exercise pattern

Exercise duration
(heavy) (min)

Exposure duration ¢h)

Subject exposures

50 bicyclists; 42 male
and 8 female;
complete data were
available for 48 of the
subjects

0.00, 0.08, 0.16, 0.24,
and 0.32

576 £ 125

30.3

Continuous (10-min
warm-up, 60 min of
continuous exercise,
10-min cooldown and
measurement)

60

1.33

Exposed to all
concentrations

20 healthy males;
8 of 20 subjects
exposed to

0.30 ppm®

0.00, 0.10, 0.15,
0.20, 0.25, and 0.30

67.8 £8.2

35.7
Intermittent (4 cycles

of 14 min of exercise
and 16 min of rest)

56

2

Exposed to all
concentrations

135 healthy males;
complete data were
available for 132 of the
subjects

0.00, 0.12, 0.18, 0.24,
0.30, and 0.40

65.6 = 7.4

343 + 3.1

Intermittent (4 cycles of
15 min of exercise and
15 min of rest)

60

2.54

Divided about equally
into 6 groups, each
exposed to a single
concentration

3 Data for exposures of 0.30 ppm not reported in Kulle et al. (1985) were taken from Hayes et al.

(1987).

b Mean =+ standard deviation; averages of group (based on ozone concentration) means.

¢ Estimated for Avol et al. and Kulle et al. by dividing ventilation rate by 1.9 m?, the approximate
human body surface area, to obtain equivalent liters per minute; calculated for McDonnell et al. from

available data.

¢ Includes a final 30-min period during which subjects rested, and spirometric and symptoms

measurements were made.

The exercise protocols differed significantly among the three studies. The Avol et al.
study required 60 min of continuous exercise with no rest; the Kulle et al. study consisted of
4 cycles of 14 min of treadmill exercise and 16 min of rest; and the McDonnell et al. study
required 4 cycles of 15 min of exercise and 15 min of rest. The mean ventilation rates varied
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from 58 to 68 L/min. These rates compare favorably with 30 L/min/m?, the lower bound of the
range on EVR used to define heavy exertion for 1-h exposures in pNEM/O;. The same
individuals were exposed at all concentration levels in the Avol et al. and Kulle et al. studies,
whereas different subjects were exposed at each level in the McDonnell et al. study. The number
of subjects ranged from 20 to 135. Females and males participated in the Avol et al. study; only
males participated in the Kulle et al. and McDonnell et al. studies.

Kulle et al. and McDonnell et al. inquired about cough and chest pain on deep
inspiration. Avol et al. inquired about lower respiratory, upper respiratory, and nonrespiratory
symptoms. Subjects in the Kulle et al. and McDonnell et al. studies ranked individual symptoms
separately as either none, mild, moderate, or severe. The Avol et al. subjects rated symptom
severity as none; mild, but noticeable only upon questioning; mild; moderate; severe; or
incapacitating.

Because of the significant differences among the studies, each study is treated separately
in this risk assessment. Retaining the identity of each study for risk calculations makes it possible
to investigate an additional source of uncertainty attributable to differences among the studies.
In spite of the differences, these studies were matched with 1-h exposures for two related reasons.
First, the duration of the exercise for all three studies is about 1 h. Second, McKittrick and
Adams (1995) reported that for producing FEV, decrements in healthy individuals, 2-h ozone
exposures under intermittent heavy exercise are nearly equivalent to 1-h ozone exposures under
continuous exercise.

3.3 DISCUSSION OF 1-HOUR DATA FOR POPULATIONS ENGAGED
IN MODERATE EXERTION

Exposure-response relationships for populations engaged in moderate exertion are based
on the Seal et al. (1993) study. The following health endpoints were derived from the laboratory
data: (1) DFEV, 210%, (2) DFEV, 215%, (3) DFEV 220%, (4) ACF, (5) MCF, (6) APD, and
(7) MPD.

Unlike other studies in which only males were exposed, this study exposed Caucasian
and African-American males and females. In total, 372 subjects, 18-35 years old, were exposed
once for 2.33 h to ozone concentrations of 0.00, 0.12, 0.18, 0.24, 0.30, or 0.40 ppm. Potential
subjects were excluded from the study for any of the following reasons: family histories of
cardiovascular disease; personal history of chronic cardiovascular or chronic respiratory disease;
an acute respiratory infection within six weeks of the study; deficiency in glucose-6-phosphate
dehydrogenase; sickle-cell disease; pregnancy; use of birth control pills within two weeks of the
study; use of marijuana one week before exposure; consumption of alcohol 24 h before exposure;
or smoking more than one pack of cigarettes per year within the five years preceding the study.
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Before exposure, subjects completed baseline pulmonary function tests and symptoms
questionnaires. The first 2 h of exposure alternated 15-min periods of rest with 15-min periods
of exercise on a treadmill. Pulmonary function tests and questionnaires were re-administered after
exposure. The questions asked about the presence of a cough, shortness of breath, pain on deep
inspiration, headache, eye itching, and sweating. The symptoms were rated as 1 (none), 2 (mild),
3 (moderate), or 4 (severe). The only symptoms analyzed in this report are cough and chest pain
on deep inspiration. Table 8 summarizes the study.

TABLE 8 Summary of the Study Used to
Develop 1-h Exposure-Response Relationships for
Populations Engaged in Moderate Exertion

Study Protocol

Seal et al. (1993)

Number of subjects

Exposure
concentration (ppm)

Mean ventilation rate?

(L/min)
EVR® (L/min/m?)

Exercise pattern

Exercise duration (h)
Exposure duration (h)

Subject exposures

372 African-American and
Caucasian males and females

0.00, 0.12, 0.18, 0.24, 0.30, or
0.40

45

238 £2.8

Intermittent (4 periods of 15-min
exercise, 15-min rest)

1
2.33°
About 60 subjects exposed at

each level; each subject exposed
to only 1 concentration level

2 Calculated from mean EVR by multiplying by 1.9 m?,
the approximate body surface area.

Mean + standard deviation; averages of group means.

¢ Includes a final 20-min period during which subjects
rested, and spirometric and symptom measurements

were made.
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3.4 DISCUSSION OF 8§-HOUR DATA FOR POPULATIONS ENGAGED
IN MODERATE EXERTION

The Folinsbee et al. (1988), Horstman et al. (1990), and McDonnell et al. (1991) studies
provided laboratory data for exposure-response relationships for 8-h exposures. These studies
were conducted in EPA’s controlled human exposure chambers in Chapel Hill, North Carolina.
The data from the studies are combined and treated as a single study because the studies are
similar with respect to exercise protocols, recruitment of subjects, ozone concentrations to which
subjects were exposed, grouping of symptoms, and rating of symptom severity. The health
endpoints developed from the combined studies for use in the risk calculations include
(1) DFEV, 210%, (2) DFEV, 215%, (3) DFEV, 220%, (4) ACF, (5) MCF, (6) APD, and
(7) MPD. Table 9 summarizes the studies.

TABLE 9 Summary of the Studies Used to Develop 8-h Exposure-Response Relationships

Study Protocol

Folinsbee et al. (1988)

Horstman et al. (1990)

McDonnell et al. (1991)

Number of subjects

Exposure
concentration (ppm)

Ventilation rate
(L/min)

EVR (L/min/m?)

Exercise pattern

Exercise duration (h)
Exposure duration (h)

Subject exposures

10 nonsmoking males

0.00 or 0.12

39-42°

20.5-22.1¢

50 min of exercise,

10 min of rest for each
hour, and 35 min of rest
after 3 h

5
6.6

Exposed to all
concentrations

22 nonsmoking males

0.00,.0.08, 0.10, or
0.12

37-412

19.5-21.6°

50 min of exercise,

10 min of rest for each
hour and 35 min of rest
after 3 h

5
6.6

Exposed to all
concentrations, except
for 1 subject who
experienced respiratory
problems at 0.10 ppm

38 nonsmoking males

0.00, 0.08, or 0.10

(40.3, 40.5, 39.6) = (4.3,
43, 6.3)

(20.1, 20.2, 19.9) = (1.8,
1.8, 2.3

50 min of exercise, 10 min
of rest for each hour and
35 min of rest after 3 h

S

6.6

28 subjects exposed to 0.00
and 0.08 ppm; 10 subjects

exposed to 0.00, 0.08, and
0.10 ppm

2 Range of group means.

b Means + standard deviation for 0.00, 0.08, and 0.10 ppm, respectively.

¢ Range of group means estimated by dividing the ventilation rate by 1.9 m?, the approximate human body

surface area, to obtain equivalent liters per minute.
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The 10 subjects, 18-33 years old, for the Folinsbee et al. (1988) study were exposed
once to clean air and once to an ozone concentration of 0.12 ppm. These sessions were separated
by a minimum of 1 week, and the exposure sequence was randomized. The exercise protocol
included 6 sessions of 50 min of exercise on a treadmill or cycle ergometer. Each session was
followed by a 10-min rest and measurement period. Each subject was given an additional 35 min
to eat lunch after the third period. Subjects received physiologic testing before exposure, during
and after each of the 6 exercise periods, and at the end of exposure. Subjects were asked to
evaluate cough, pain on deep inspiration (PDI), eye irritation, and pain/discomfort in the legs.
Symptoms were rated as O (none), 1 (just noticeable), 2 (mild discomfort), 3 (moderate
discomfort), or 4 (severe discomfort/pain). The rating scale for cough was O (none), 1 (cough
during spirometry only), 2 (spontaneous single cough), 3 (spontaneous multiple cough), and
4 (repeated spontaneous multiple cough).

Twenty-two males participated in the Horstman et al. (1990) study. Candidates were not
allowed to participate if they had a condition that could worsen as a result of ozone exposure or
exercise, or if they had an acute respiratory infection within the previous 4 weeks. Exposures
were separated by a minimum of 1 week, and the exposure sequence was randomized. With few
exceptions, all subjects were exposed to all 4 ozone concentrations. Spirometric measurements
and symptoms ratings were obtained during 10-min rest periods after each session. One of the
22 subjects did not complete all of the 6.6-h exposures; he was not exposed at 0.12 ppm because
he experienced severe respiratory symptoms at an ozone level of 0.10 ppm (although his
pulmonary function responses at ozone levels of 0.08 and 0.10 ppm were not markedly greater
than the means of the group). In addition to the primary spirometric measurements, the subjects
also rated the same symptoms as in the Folinsbee et al. (1988) study.

Of the 38 males who participated in the McDonnell et al. (1991) study, 28 subjects were
exposed twice: once to clean air and once to an ozone level of 0.08 ppm. The remaining
10 subjects were exposed to ozone a third time, at 0.10 ppm. Exposures were separated by at
least 2 weeks. Candidates were excluded if they had smoked regularly; had a history of asthma,
allergic rhinitis, or cardiac disease; or had an acute respiratory illness within the preceding
4 weeks. Five minutes immediately following the last exercise period, airway resistance, forced
expiratory volume, and sympfoms were measured. Subjects rated cough, PDI, and shortness of
breath. Symptom severity was rated as O (none), 1 (barely noticeable), 2 (mild), 3 (moderate),
or 4 (severe).

These 6.6-h studies were matched with 8-h exposure estimates to calculate risk. This
procedure seems reasonable because response appears to “level off” after several hours of
exposure. Thus, it is unlikely that, even if the studies had been conducted for 8 h, FEV,
decrements would have been appreciably different.
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3.5 EXPOSURE-RESPONSE RELATIONSHIPS FOR ACUTE ENDPOINTS

Developing exposure-response relationships for acute endpoints is a three-step process.
(Appendix A gives details of this process.) The process starts with data from the laboratory
experiments described in the preceding sections. Before developing the probabilistic exposure-
response relationships, “the data were corrected for exercise in clean air,” which means that any
systematic bias in the data that might be attributable to an exercise effect was removed
(Appendix A). Tables 10 and 11 list the results of any corrections made to the laboratory data
for lung function and symptoms, respectively. These data become the “observations” shown in
Figure 4 (step 1). In step 2, a function is fit to the data via regression techniques. This step is
necessary to estimate response rates at ozone concentrations that differ from those at which
laboratory data are available. Step 3 develops, for example, the 90% credible interval (CI) about
the fitted (predicted) response rate at ozone concentrations needed for the risk assessment
calculations (i.e., those used in pNEM/O5). This last step is accomplished by applying the inverse
beta function with parameters X and N — X, where X is the predicted response rate at a particular
ozone concentration, and N is the number of subjects associated with the chosen ozone
concentration. The 90% CI is defined by the 0.05 and 0.95 fractiles. For the risk assessment,
response rates are calculated for 21 fractiles (for cumulative probabilities from 0.05 to 0.95 in
steps of 0.05, plus probabilities of 0.01 and 0.99) at a number of ozone concentrations that
depend on the health endpoint. The function chosen fit the data best according to the following
principles and rules:

» Linear functions were favored, especially when the number of observation
points (i.e., ozone concentrations at which laboratory data are available)
was small. As few as two usable observation points and as many as
six observation points for endpoints are listed in Tables 10 and 11.

* Functions with high regression P values were more desirable than
functions with low #* values. This principle allowed choosing a nonlinear
function over a linear function — even if the number of observation points
was small — if the 7% value of the nonlinear function was considerably
larger than that for the linear function.

» All functions for each of the fractiles must be monotonic increasing
(i.e., they must never decrease) as ozone concentration increases. This
factor is a logical rule, and it came into play when the number of subjects
varied considerably at different ozone concentrations. Such a condition
made it necessary to use an average number of subjects at all ozone
concentrations.

* Related groups of functions presented special problems. For example, the
function for DFEV,; 210% should never intersect the function for
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DFEV, 215% in the range of ozone concentrations used in the risk assessment.
When functions intersected, those functions that did not intersect were chosen.
These conditions arose most frequently when attempts were made to fit linear
functions to related sets of data.

One particularly bothersome case involved the lung function endpoints for 6.6-h
exposures of subjects engaged in moderate exertion (the combined data of the studies by
Folinsbee et al. 1988, Horstman et al. 1990, and McDonnell et al. 1991). The observed response
rate at 0.12 ppm for the FEV, decrement 215% endpoint was judged to be unreasonable and was
not used in the regression.

The results of fitting functions to the laboratory data are listed in Tables 12 and 13 for
lung function and symptoms, respectively. The tables indicate the type of function fit to the data
(linear, logistic, probit, or lognormal) for each endpoint, parameters of the functions, and the
regression r? value. Parameter a is the intercept of the linear function and the geometric mean
of the lognormal function. Parameter b is the slope of the linear function and the geometric
standard deviation (s.d.) of the lognormal function. The mathematical definitions of the functional
forms are given in Appendix A.

Data for a total of 33 health endpoints are described in Tables 12 and 13. The headcount
and benchmark risk results presented in Sections 4 and 5, respectively, focus on three endpoints
for outdoor children that are, in a sense, more serious than the others and therefore of greater
interest to EPA staff. These are FEV; decrements 215 and 220% for 8-h exposures, and
moderate-to-severe PDI for 1-h exposures, all at moderate exercise. Appendixes C and D provide
results for 19 of the endpoints (FEV, decrements 210% and “any” symptoms are excluded).
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4 HEADCOUNT RISK MODELS AND ILLUSTRATIVE RESULTS

This section uses one health endpoint to (1) illustrate the calculations needed to develop
headcount risk distributions and (2) present the main output format for the risk results. This
format makes it easy to investigate the effectiveness of several air quality standards in each of
the nine urban areas included in this report. An acute endpoint (8-h exposure, moderate exertion)
is used, but the general computational approach and output format apply to all acute endpoints.

4.1 CALCULATION OF HEADCOUNT RISK

The risk computations (which comprise the risk model) are conceptually simple and
based on exposure and health models. In general, the risk (which is an expected fractional
response rate) for the k’th fractile R, is

N
R, = E pj X [(RRk|ej) — (RR; |background)] ()
J=1

or

N N
R = 21 P; X RR;le; - Z‘1 P; x (RR|background) , @
j= j=

where:

P. = fraction of the population having personal exposures at an
ozone concentration of e; ppm in a single pNEM/Oj run;

RRk|ej = k-fractile response at ozone concentration e

RR,|background = k-fractile response at background; and

N number of ozone concentrations.

As discussed in Section 3, it was possible to correct exposure-response relationships for
exercise in clean air. The RRklej values reflect this correction for the FEV, decrements 220%
for 8-h exposures at moderate exertion (based on study results from Folinsbee et al. 1988,
Horstman et al. 1990, and McDonnell et al. 1991).
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Table 14 shows the risk computations for the 0.5 fractile (the median) pNEM/O; run 2
exposures to outdoor children based on air quality in Philadelphia that just attains the current
standard (1112) for the people measure (i.e., the fraction of people exposed one or more times
during the ozone season). The table indicates eight ozone concentrations® above background
involved in the computations. Background ozone is <0.04 ppm. The entries in column C are the
fractions of the population engaged in moderate exertion who are exposed to the corresponding
ozone concentrations in column B. The entries in column D are the expected fractional response
rates at the corresponding ozone concentrations for the 0.5 fractile. The result is about 0.06, or
6%. It happens that RR, s | background is exactly zero. Therefore, this result is unchanged after
correcting for background. Column E shows the results of multiplying the fractional response rate
by the number of outdoor children who achieved moderate exertion for 8 h to obtain, in this case,
the median estimate of the number of individuals who experience FEV; decrements 220%. For
pNEM/O; run 2, 268,569 outdoor children achieved the heavy exertion level, so the median
estimate is about 15,900 outdoor children.

To develop a probability distribution over outdoor children that accounts for all of the
conditions mentioned earlier, the above computations are repeated for any number of fractiles.
Results usually appear “smoother” if a large number of fractiles are used. In this analysis,
21 fractiles are used to obtain the results presented in Section 4.2 and Appendix C (for acute
endpoints).

TABLE 14 Calculating the Median of a Risk Distribution

A B C D E
Indexj  e; (ppm) P; RRys|e; RRys=CxD
1 0.051 0.1413 0.000233 0.0000
2 0.066 0.1746 0.041839 0.0073
3 0.076 0.3797 0.071412 0.0271
4 0.086 0.1868 0.100205 0.0187
5 0.096 0.0422 0.128108 0.0054
6 0.106 0.0048 0.156623 0.0008
7 0.116 0.0000 0.186317 0.0000
8 0.126 0.0000 0.216072 0.0000

Column E Sum: 0.0593

8 The concentrations indicated in Table 14 are the midpoints of intervals above 0.06 ppm that are 0.01 ppm wide;
the first interval is 0.02 ppm wide.
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4.2 HEADCOUNT RISK DISTRIBUTIONS FOR 10 pNEM/O; RUNS
AND 2 AIR QUALITY SCENARIOS

Headcount risk results are presented in a set of figures. These results have been
corrected for background, that is, 0.04 ppm for acute exposures. As explained in Section 3,
correcting for background involves subtracting the probability distribution over response at the
background concentration from the probability distribution over response for ozone concentrations
above background. As with many computations, performing this function assumes perfect
correlation and allows corrections to be made by simply subtracting corresponding responses on
a fractile-by-fractile basis. If no response occurs at a particular background concentration, the
“uncorrected” and “corrected” results are identical.

One acute endpoint (FEV, decrement 220%, 8-h exposure, moderate exertion, outdoor
children, based on the Folinsbee et al. 1988, Horstman et al. 1990, and McDonnell et al. 1991
data) illustrates the computations and different forms of risk output. The final result is an output
format that captures central (median, or 0.5 fractile) and extreme (0.05 and 0.95 fractiles)
properties of risk distributions. This format allows investigation of results across nine urban areas
for several air quality scenarios (this report shows nine).

Table 15 lists risk results for this endpoint while just attaining standard 1112 in
Philadelphia. Ten distributions are provided — 1 for each of the 10 pPNEM/O; runs